On the anodic passivation of metals, two different processes, (A) precipitation from a super-saturated solution and (B) direct reaction between a metal and solution, have been previously considered for the anodic formation of passive oxide film. Both of these mechanisms were criticized from the kinetic point of view to conclude that both are negative for the formation of a compact pore-free oxide film. Then, in order to clarify the passivation process, many electrochemical investigations were made on the active-passive transition of nickel in sulfuric acid solutions. It was concluded that the passive film is formed in accordance with the following successive reaction,
I. Introduction
Many investigations have ascertained that the passivation of metals immersed in acid solutions occurs beyond the critical potential which is now called the Flade potential. It has been also widely accepted that the passivation is caused by the formation of a compact pore-free oxide film on the surface of metals. One of the main problems to be investigated on passivation has been the reaction process for the formation of a passive oxide film on the surface of metals.
In previous papers, (1) (2) (3) (4) the authors have demonstrated that the Flade potential of nickel is determined by the redox reaction between NiO and Ni3O4. But the reason why the passivation occurs at this transformation potential between NiO and Ni3O4 is still not clear.
When a metal M is anodically polarized to a potential region more noble than the equilibrium potential of the following reaction
(1) the formation of an oxide film becomes thermodynamically possible on the surface of the metal.
To date, such a thermodynamical interpretation has been mainly applied to discussing the mechanism of passivation. From the kinetic standpoint of view, however, little investigation has been conducted on the formation process of compact oxide films on the surface of metals immersed in corrosive solutions.
In the literature, (5)(6)(7) only two different processes have been considered for the anodic formation of passive oxide film.
But, whether or not the compact pore-free oxide film can be formed by these reactions on the surface of rapidly dissolving metal is still, open to question. In this paper, both mechanisms are criticized from the kinetic point of view and both are concluded to be negative for the formation of compact pore-free oxide films.
Thus, in order to clarify the passivation process some experimental work was conducted on the active-passive transition of nickel in sulfuric acid solutions and they are discussed to propose a generalized theory for the passivation of metals in corrosive solution. Two kinds of specimens, electrolytic nickel and pure nickel plate, were mainly used. The electrolytic nickel specimens were prepared by electroplating of which conditions were under the same conditions described in the authors previous papers. (1) (2) (4) The pure nickel plate was prepared as follows; electrolytic nickel was melted and cast into an ingot in a vacuum atmosphere, then it was rolled and annealed. The electrolytic nickel used had an average composition of; Ni, 99.97%; C, 0.002; Cu, 0.002; Co, 0.002; Al, 0.0006; Si, MD, P, S, Cr, trace. Commercial nickel plate of about 98 per cent purity was also used. All the specimens were etched by a mixed acid of 50%. H2SO and 50% HNO3 for about one minute and washed by brushing with a spray of distilled water.
The details of the experiment were the same as described in the authors previous papers.(1)(2)(4) The potet tial of specimens was measured in reference to a saturated calomel electrode and it was converted into the value of standard hydrogen electrode scale. All the experiments were carried out in the stationary sulfate solutions in a pure nitrogen atmosphere at a constant
Anodic polarization curve
The anodic polarization curves of nickel were measured at the steady state in acid and alkaline solutions with the help of a potentiostat, the results 
In order to obtain the stable passive state in 1 N H2SO4, the potential of nickel must be maintained at a certain potential at least 0.25 volt more noble than the Flade potential.
In alkaline solution, on the other hand, the passivation occurred even in the potential region less noble than the Flade potential. Such a discrepancy recognized between the Flade potential and the critical potential of stable passive state has been reported on the anodic passivation of iron in acid and neutral eolutions. (8)(9)(10) 2. Galvanostatic passivation
The potential-time curves of galvanostatic passivation are shown in Figs. 2 and 3.
On these passivation curves a potential arrest marked with Ef', which is several tens milli-volt more noble than the Flade potential. was observed.
Such a potential arrest on the galvanostatic passivation curves was also recongnized for iron(11) and chromium. (12) It has been already reported by Landsberg and Hollnagel(13) that the passivation time tp of nickel (6) where i0 is the minimum current density for passivati0n and k is a constant which is independent of the current density i and depends on the kinds of soluti0ns. In cases of iron(9) and chromium,(12) another relati0n has been reported, (7) The minimum passivati0n current density i0 shown in equati0n (6) corresponds with the maximum current density of nickel observed on the steady state anodic polarizati0n curves shown in Fig. 1 .
The observed maximum anodic current density of nickel in the active state depends on the concentrati0n of the hydrogen-i0n in accordance with the following relati0n (8) showing that i0 decreases with increasing pH as seen in Fig. 4 . In this figure the minimum passivation currents i0 of iron(9g) and chromium (12) were also plotted, the pH dependence of i0 being given as follows; Fig. 4 Relation between pH and the maximum current density observed on the steady anodic polarization curve of nickel in the active state, which corresponds with the minimum current density for galvanostatic passivation. The minimum current densities for passivation of iron (9) and chromium(12) are also plotted.
(9) (10) The pH dependence of the minimum passivation current of nickel was about twice as large as that of iron or chromium.
Potentiostatic passivation
The current-time curves of nickel were measured in 1 N H2SO4 immediately after changing the potential from + 0.30V in the active state to + 0.80V in the passive state with the help of a potentiostat. The results are shown in Figs. 5 and 6.
A gradual decrease of the active dissolution current was observed during the initial time period. After this gradual decrease, the anodic current decreased steeply, which may be caused by passivation proceeding, and it was followed by a gradual decrease for a long period of time till it approached a steady value in the passive state. The potential was changed from +0.30V to +0.80V.
The initial time period for the active dissolution shown on the potentiostatic passivation curves, decreases with an increase of the time period during which the specimen was maintained at a potential of +0.30V in the active state before changing potential.
Potentiostatic activation
The current-time curves in potentiostatic activation were measured for the passive nickel aged anodically for a long period of time at a steady state in sulfuric acid solution, the result being shown in Fig. 7 . After the discharge of the electric double layer, a constant cathodic current was observed. The current, then, changed to the anodic direction and increased steeply to an maximum value followed by a gradual decrease for a long period of time until it reached a steady state value in the active state.
III. Mechanism of the Anodic Passivation (Higher valence oxide film theory) In the anodic polarization, nickel dissolves into a sulfuric acid solution in the form of soluble ion in ** The mechanium of anodic dissolution of nickel in sulfuric acid solution at the active state will be presented in a separate paper. (11) of which the equilibrium potential is given by The anodic dissolution rate increases with the rise of potential as schematically shown in Fig. 8 . According to, electrochemical kinetics, if the rate of the back reaction is much smaller than that of the forward reaction, the rate of reaction a can be formulated in the following equation, (13) the Tafel constant.
As the anodic dissolution proceeds, the concentration of soluble nickel ion in the vicinity of the surface will increase till it approaches an equilibrium value of (14) When the concentration of NiOH+ ion becomes larger than the saturated. value corresponding to, the solubility product of NiO, the precipitation of NiO possibly proceeds thermodynamically in the vicinity of the surface, (15) (16)*** The critical potential beyond which this precipitation occurs can be calculated from the equations of (14) and (16) (17)*** and it is equal to the equilibrium potential of the direct formation of oxide on the surface of nickel (18) (19)*** Now, we consider whether or not the passive film composed of the compact pore-free oxide film can be formed by either of these two processes., on the surface of rapidly dissolving nickel.
Deposit oxide film (Process A)
The deposit oxide film may be practically formed when the concentration of NiOH+ in the vicinity of surface becomes greater than the saturated value corresponding to the solubility product of NiO.
But such a kind of deposit oxide cannot provide a compact pore-free film, because it is formed in the solution independently of the surface of nickel. The protective action of deposit oxide film is such that any further increase of the concetration of the NiOH+ ions in the vicinity of the surface may be retarded so as to keep a value slightly greater than the saturated concentration.
The limiting active dissolution current of nickel covered with deposit oxide, therefore, may be given as follows if the dissolution rate is controlled by the diffusion of NiOH+ ion from the surface to distant solution, of diffusion layer.
Since the limiting dissolution current is proportional to the saturated concentration of NiOH+, the active dissolution may be retarded sufficiently by the formation of deposit oxide in an alkaline solution due to the small saturated concentration. However, in an acid solution where the saturated concentration is very large, this kind of deposit oxide can not protect the nickel surface against the active dissolution to such an extent as observed in the passive state. Thus, it may be clear that in corrosive solutions no passivation results from the formation of this kind of deposit oxide film.
Direct fomation of oxide film (Process B)
If the oxide film of NiO might be formed on the surface by the direct reaction of metallic nickel with water, this oxide film should protect the surface against the active dissolution to much the same extent as that of passivation. But, it is a question whether or not such a direct formation of oxide can proceed practically on the surface of nickel where the active dissolution is taking place at a large reaction rate.
We consider an atom of nickel on the surface of the metallic phase where two different processes of reaction predominant reaction for removing the nickel atom from the metallic phase.
The rates of both reactions, Fig. 9 .
The schematic potential-current curves for those anodic reactions are also shown in Fig. 8 . Finally, from the foregoing considerations a generalized theory (higher valence oxide film theory) for the passivation of metals in corrosive solutions is proposed as follows;
a) The passivation of metals in a corrosive solution is caused by the formation of a higher valence oxide film on the surface of metals from the soluble metal ion. The proposed process for the formation of the passive oxide film is given as follows (Process C)
The critical potential for such a passivation process is equal to the equilibrium potential of the redox reaction between a higher valence oxide and the lower valence oxide having the same oxidation degree as that of the soluble metal ion during active solution of the soluble metal ion.
The Flade potential can be interpreted by this critical potential. b) Consequently, it is concluded in general that a passive film having the ability to protect metals against solution in corrosive solutions must be composed of a higher valence oxide in an oxidation degree greater than the ionic valency of a soluble metal ions in active dissolution.
This higher valence oxide film theory has been successfully applied to not only the passivation of nickel but also those of iron and chromium in acid solution. (16) IV. Interpretation of Experimental Results In the present section, experimental results on the active-passive transition of nickel has been interpreted with the higher valence oxide film theory. Fig. 8 show.
In order to obtain a stable passive state, it is therefore necessary to polarize the nickel to a certain potential more noble than the Flade potential.
Galvanostatic passivation
Under a galvanostatic condition, the potential of nickel is always polarized to a potential E at which the active The gradual decrease of anodic current observed after the steep decrease in passivation, as shown in Fig. 6 , may be interpreted as a process corresponding with the repair of active holes and the growth of passive film.
Potentiostatic activation
The constant cathodic current shown on the potentiostatic activation curve in Fig. 7 may be interpreted as the rate of cathodic reduction of the passive film at a constant potential. When active holes appear, the current changes to the anodic direction and increases with increasing areas of active holes. After reaching a maximum the anodic current decreases gradually for a long period of time, which may be caused by the formation of deposit oxide film of NiO.
From the constant cathodic current on the activation curve, one can calculate the electric quantity Q for reduction of the passive oxide film, the result being given as follows (31) since the reduction of passive oxide film proceeds thickness of the passive film of nickel maintained at a potential of +0.80V may be estimated to be 4 Q. The critical potential beyond which the oxide formation in these successive reactions takes .place is calculated to be equal to the transformation potential between NiO and Ni3O4, i.e. the Flade potential, if the concentration of NiOH+ ion in the vicinity of the surface has a saturated value corresponding to the_solubility product of NiO.
It was also concluded that the formation of a compact pore-free oxide film is kinetically impossible by direct reaction of the metal and the solution on the metalsolution interface where the active dissolution is taking place.
Finally, a generalized theory (higher valence oxide film theory) for the passivation of metals in corrosive solutions is proposed as follows;
a) The compact pore-free passivating film can be formed only by an anodic reaction of the soluble metal ion on the surface of metals. b) Hence, the passive film having an ability to protect the metals against active dissolution in corrosive solutions must be composed of an oxide film of higher valency than the ionic valency of soluble metal ion in active dissolution.
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